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work to commence an investigation whose 
ultimate air would be to quantitatively relate the maxirum stress in 
a ship's panel under uniform tension to the amount cf deflection 
initially present in that panel. The results of such an investigation 
ray provide information related to ship failure and ray further pro- 
vide plating deflection criteria for shipbuilcers. 


The method of testing veas as follows: 


1. An 18" x 6" x 1/8" stiffened panel, representative of 
ship's plating, was constructed an welded to pulling members 
adapted to fit a 30C,CCO pound tensile testing machine. One of 
the two penels tested was plane, the other had deflection 
roughly equal in magnitude to the plate thickness. 

2. She4 rectangular rosette strain gages vere utilised 
to obtain the strain pattern on both sides of the plate. 

3. The sexples were then tested, strain readings taken 
at loads from 2C,CCC to 14C,CCO pounds at 20,CCO pound incre- 
ments. 

Calcula tions were performed to obtain the pattern of 

principal strains existing on the plates. The test results were then 
modified to represent a condition -f unifore strain along the edge. 


The results showed that the points of rmaxizum deflection of the 
distorted plate supported very little of the load, while very high 
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stresses existed near the stiffeners. This did not appear to be the 
case for the plane panel. It was considered thet the results of the 
two tests conducted did not yield sufficient information to quanti- 
tatively relate stress distribution end initial deflection. 


Recommendations for future work included the following suggestions: 


l. Construction ani testing of more sa-ples of varying 
amounts of deflection and aspect ratio. 

2. Investigation of the possibility of modifying the 
design of the pulling nembers to obtain a more uniform load 
condition at the edge. 

3. Integration of strees curves at edge und center of plate 
to verify test data. 

4. Eventually preparetion of plots of maxirur deflection 
to plate thickness ratio versus ratio cf maximum stress to 
uniform stress along plate edge. 


Thesis Supervisor: John Harvey Evens 
Title: Associate Professor of Naval Architecture 
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The significant number of failures of merchant and naval vessel 
structures in recent years have led to many investigations into the 
causes of these failures. On page 10 of reference (1) it was con- 
cluded that, "The fractures in welded ships vere caused by notches 
and by steel which was notch sensitive at operating temperatures. 

When an adverse combination of these occurs the ship may be unable 

to resist the bending moments of normal service". Fotches, whose 
presence is considered necessary to initiate failure may be caused in 
several ways. MNotches resulting from fabrication or inadvertently built 
into the design (as at hatch corners) have been previously considered. 
High stress concentrations in a localised area of ship's plating may 
cause a local fracture which may form the notch needed to initiate 
failure. 

A theory advanced to the authors by Professor J. H. Rvans, of 
Massachusetts Institute of Technology relates the variation in stress 
concentration to the amount of initial bulge in the panel between 
stiffeners of a section of ship plating. Suppose, for example, initial 
bulge exists in a section of a transversely framed ehip's hull. In 
addition let ue assume that the section is in tension (as a section of 
the bottom shell would de with the ship sagging). The section of the 
plating containing the bulge will be unable to assume its apportioned 
share of the load until the deflection is removed. The section of the 
plating adjacent to the longitudinal members will therefore receive and 
maintain a disproportionately high part of the load. It is conceivable 


that the high stresses developed could cause cracking, and subsequent 
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failure, in this region before the distorted section began to carry 
its portion of the load. 

Several investigations have included observations which tend to 
substantiate the foregoing ideas. The authors! research has not 
disclosed any work which relates initial deformation to stress 
distribution. The Admiralty Ship Welding Committee reports of the 
full scale toste on the Neaverita, Jewcombia, Ocean Vulcan, and Clan 
Alpine aro reviewed by Turnbull in reference (2). The findings of 
interest to this resort are well summarized in Figure I, (reproduced 
from reference 2). The stresees in the way of the longitudinal 
stiffeners of the welded ship for both hogging and sagging are much 
greater than the stresses clear of that stiffening. Note that this 
ie not as true for the case of the riveted ship. The report states: 
"The unfairness of the bottom plating betweon frames clear of the 
longitudinal stiffening in the welded Ocean Vulcan vas in general 
about double that of the riveted sister ship". Thus the difference 
in stress from the center of the panel to the stiffeners would be 
expected to be leas in the riveted ship than in the case of the welded 
ship. 

These observations indicate that it is probably true that initial 
distortion has an effect on stress concentration. That this effect 
is great enough to initiate ship failure has not been determined. The 
idea motivating the authors was to commence an investigntion whose 
ultimate nim wonld be to quantitatively relate the maximum stress in a 
ship's plate under uniform tension to the amount of bulge initially 


present in that plate. It is felt that the results of this investigation 
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FIGURE I 


Distribution of longitudinal stresses for bottom 
shell plating near amidships for merchant vessels. 
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may provide information related to ship failure and may further 


provide plating deflection criteria for shipbuilders. 





The design and construction of the samples together vith the 
selection of the testing machine were the first problems faced. It 
was considered desirable to test a sample representative of ship's 
stiffened plating. The design of the test section was governed by 
several practical considerations. The thinnest plate that it was 
considered practical to weld by the conventional continuous process 
was 1/8 inch thick. The longitudinal stiffeners were selected to pro- 
vide adequate stiffness with the minimum cross-sectional area. The vidth 
of the sample, 24 inches, was then determined by the 300,000 pound 
capacity of the tensile testing machine available. The fracture load 
of the machine was limited to 225,000 pounds. This corresponds to an 
average stress of 60,000 p.s.1. for the sample as designed. Longitudinal 
stiffeners vers then placed 18 inches apart. The distance betveen trans- 
verse stiffenere was set at 6 inches to give an aspect ratio of 3:1 
inside the stiffeners, considered to be a representative value. 

The specimen constructed for testing is illustrated in Figuros 
II and III. It consists of the test panel to which are welded the 
pulling members. The 12" x 24" test panel is constructed of 1/8 inch 
medium tensile steel, minimum tensile strength 60,000 p.s.i., maximum 
carbon content 0.31%, Federal Specification M-48-5-5, Grade M. The 
transverse angles are lè" x 24" x 3/16" nnd the intercostal longitudinal 


angles are 1-3/8" x 7/8" x 3/16". The angle material is Federal 
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TEST SECTION AND PULLING MEMBERS 
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Specification M-46-S-l1, Grade M, Type A, hot-rolled carbon steel, 


minimum tensile strength 60,000 p.s.1. 


2.2 Design of the Pulling Members 


Adapting the specimen to be fitted into the jaws of the testing 
machine and at the same time providing a condition approaching uniform 
tension along the length of the test section were the controlling 
factors in the design of the pulling members. The design of these 
units included the following features: 

2.2.1 A 24 inch long, 2 inch thick steel plate is welded to the 
specimen. This relatively thick plate was selected to help transform 
the essentially point load of the machine to a uniform tensile load at 
the sample. 

2.2.2 1/4 inch gusset plates vere fitted to assist in obtaining 
the uniform tension desired. 

2.2.3 The 5j" x 2" dimensions at the pulling member head gave 
adequate cross-sectional area to transmit loads up to 300,000 pound 
limit of the machine. This area wae reduced as the vertical meaber 
approached the sample. This safely reduced the veight of the pulling 
menbers, since the lost area vas supplied by the gusset plates. 

2.2.4 The pulling members were constructed of the same material 


as the 1/8 inch plate. 


2.3 Joining Test Section and Pulling Members 


The design provided for a welded joint between test section and 


pulling members. The connection was made so that the neutral axis of 
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the pulling nember coincided with the neutral arie of the plate 
stiffoner combination. This was done to eliminate bending as moh 


as was possible. 


2.4 Fabrication 


The construction of the samples wae undertaken by the Shipfitter 
Shop of the Boston Faval Shipyard, Boston, Massachusetts. The fabri. 
cation process used for construction of the undistorted sample was as 
follows. The sample wae dogged down and the weld deposited around the 
inside of the stiffeners using a block and backstep sequence. The 
samo process was repeated around the outside of the stiffeners. It 
vas originally decided to attempt to introduce distortion into the 
samplos by varying the welding sequence. It was found that the un- 
supported length between transverse stiffeners was not great enough to 
allow distortion of the depth desired. It was finally decided to heat 
a samplo vith an oxy-acetylere torch. By heating and air cooling the 
center section of the specimen it was possible to introduce the desired 
amount of distortion im the plating. It is estimated that the sample 
did not exceed a temperature of 1700° r during the process, so that it 
is considered that the metallurgical structure of the 61961 did not 


change from its previous condition. 


2.5 Contour Measuring Device 


In order to measure the distortion of the samples a contour mes- 
suring device was constructed. (See Figure IV). It consists of four 


vraes legs whose vertical height my be adjusted by means of threaded 
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base pieces. On the cylindrical supports between the legs rides a 
horizontal carriage whose position can be varied along the length 

of these supports. On the carriage is a holder for a dial-gage which 
can be moved back and forth on the carriage. The measuring process 
consists of first adjusting the plane of the measuring device parallel 

to the theoretical plane including the four points of intersection of 
the stiffeners on the unstiffened side (henceforth referred to as the 
reference plane). This can be done as long as the plane has not twisted. 
The amount of distortion in the panel] between stiffeners is then 


measured. A contour map can then be prepared with the data obtained. 





It was decided to use a relatively plane sample for the first test. 
The panel selected, henceforth referred to as Panel 1, was determined to 
de within + 0.003 inches of the reference plane. 

The strain gages selected to measure the plate strains were Baldwin 
SR-4 Type AR-1. These are rectangular (45°) rosettes, whose component 
gage lengths are 13/16 inch. Rosettes were selected because it was 
desired to determine the angle between the axis of principal strain and 
the axis of pull. The location of the rosettes is depicted in Figures 
Vand VI. The gage locations on the stiffened side are drawn as if the 
panel were transparent and an observer were looking through from the 
unstiffened side. The gage locations were selected to attempt to obtain 
an over-all picture of the strain distribution. Gages on the edge were 
located to determine if uniform tension along the edge was obtained and 
1f symmetry about the center of the panel was realizable. articular 


interest in the nature of the strains near the stiffeners is reflected by 
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the locations of gages 3, 7, 24, 23, 19, and 18. 

The Question of obtaining rapid, reliable, readings on the strain 
indicator unit (a Baldwin SR-4 Indicator Box, Type K) was the next pro- 
Dlem faced. Tha 27 rosettes necessitated 81 rendings. The only 
switching unit available capable of handling that number of gages was 
a rotary-switch unit. Variable contact resistance was found to exist 
during preliminary testing. The magnitude of this variable resistance 
introduced errors too larze to be tolerated (in some cases resistance 
changes measured several hundred micro-inches per inch). A switching 
unit (Figure VII) was constructed consisting of 41 double-throw, single- 
pole, copper knife switches of 25 ampere rating. These switches 
reproduced rendings within 10 micro-inches per inch during preliminary 


tests. 


The machine upon which this test and the test of Panel 2 was 
conducted was a Southwark-Bmery hydraulic type testing machine, capacity 
300,000 pounds, M. I. T. Serial 105. The control panel for this machine 
is shown in Figure VIII. The sample mounted in the machine is pictured 
in Figure IX. 

The following procedure was exploysd for the test of Panel l. 

2.7.1 The sample was cycled by raising the load to 5000 pounds 
and returning to sero load until consecutive sero readings vere re- 
peated. 

2.7.2 The load was raised to 20,000 pounds and the readings on all 


gages recorded. This procedure took about 25 minutes. 
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2.7.3 NReediugs wore rezeated at loaus of 49,090, 60,000, 89,000, 
100,000, 120,000, and 140,000 pounds. 

2.7.4 The loed was slowly increased until the sample fractured. 

The following visual observations were noted during this testi 

2.7.5 At 155,000 pounds load the sample begen to creep noticeably 
and it was no longer possible to teke a set of strain gage readita:s. 

2.7.6 As the loed increased the vorisontal portion of the pulling 
mezbers bowed noticeably, the ziód.e section of the pulling + aaber ex- 
periencing greater deflection than the ends, 

2.7.7 The transverse stiffeners bowed considerably at 196,900 pounds. 
The bowing was such thet t.e edge of the stiffenor welded to the :late ves 
concave. 

2.7.8 The welded eúges of tie .ongitucinal stiffeners wero aio bowed 
concavely. The free ecges of t e plate bowed in the op osite Jirecticn. 

2.7.9 At 207,000 pounds the sample failed, the feilure asparnotiy 


Starting at a notc. located on the free edge of the plete. 





Panel 2 was a smaple Cintorted by the heating process previously 
described, Figure I represents a contour aep of the sample. Figure 
XI ie a transverse section through te center of Panel «9 

The strain gage locations on Panel 2 wore altered as a result of 
the experience gained in conducting the first test. The gege config- 
uretion is shown in Figures XII and XIII. The importent cenges eret 

2.8.1 More gages were placed on both sides of the test section 
to obtein a better picture of the strain gradient. 

2.8.2 Geges were placed on both sides of one edge of the solo 
to get a better picture of the edge loading. 

2.8.3 Six Sp-/, Type A-l uniaztel gages were placed on the |‘ omi- 


tucinal etiffeners. | 
18 
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The procedure identically followed the procedure of paragraph 2.7. 

The following visual observations vere made: 

2.8.4 The epecimen started to creep at about 155,000 pounds. 

2.8.5 The distortion of the horizontal portion of the pulling 
members and transverse stiffeners was not as great as for Panel 1. 

2.8.6 Failure occurred at 209,000 pounds slong the weld between 


pulling member and plate. 


2,9 Strese-Strein Curve 


A stress-strain curve (Figure XIV) for the material of the plate 
was prepared utilising a standard tensile specimen for 1/8 inch steel 


plate, as found as Figure 2 on page 376 of reference (3). 


2210 Method of Analysis 


The method of analysis for both samples was identical. The 
object of the procedure used was to obtain a stress picture at the center 
of the section with a uniform tensile load on the edge. The following 
stepe were taken: 

2.10.2 Rosette calculations for magnitude and direction of principal 
strains were obtained from the test data (see Appendix, Tables I and II). 
(A strain of 9460 micro-inches per inch should be added to all readings 
proceeded by *"A"). The sequence calculations appear in Tables III 
through XVI of the Appendix. Results of the calculations showing magnitude 
and direction of principal strains are included as Tables XVII and XVIII 
of the Appendix. 

2.10.2 A plot of principal strains versus stations was then made. 














— tdo +0 of hebeete aumtneys a * 
passito all Ya multo Satem dna: اھ‎ 1o 8٭د‎ adi A | 
+5 Full] ee ግዛ 

—“ Bim nd? sani alcoy 000,405 se berzuuro outlet 9.0.5 










nn wi "AZ ul: 
less dni UI vct uamlcees milesi babes?» e peitilléu beréquuq 
.(8) wamwreler Tn 895. ዘሼቪጣና 66 chet ae bavo? 


ort  .lesitmbhil sm ce mas aioe tot otowjera to bodijas «f 
70. 441 12 wuofelo koe A dini Eo ጓ# xav igev eiebotou] ^^ Yo f 
ο ο በካለ9698 odè Yo 
manat orot anote 
ising ln حەوسحتدھ‎ hen esting ቴርጊ 8።229:6፡5:«5 pipe LOR - 
«(34 ἐπα 1 ent ‚rauen ese) eden dae مب‎ ናት οὗ “μυ 
misileet ID o bets af b mada dont teq serinet-ctote GSM to niente A) 
οκ ο دستدنمتاوہع‎ “ο ,(*38" '፤ 52599965 
۸۱۷۶ πα 1) 4 sentiti miao sit Ye stiras tte? eñs te ITR ao I 

LOG Ame I[UA cosca? sa Dabringl ere eclezcfe lamizutte to moftsertà baw 
Sibari eri Be - 

‹‹ለይጠ "0 ee tank lala preter anista lemisarria Ye sols A 5.91.5 







t 








OS 





ΤΗ 


ysa 


Srecss (Pounos ree Sovare Inch) 








10000 


30000 





lab 





E A JI 1 4288: 4. a s 
STRESS- STRAIN CURVE FOR STEEL OF TEST PANEL 
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The number of a station is defined as the distance in inches from 

the left edge of the panel with the flanges of the transverse 
etiffeners pointing downward as an observer looks at and through the 
unstiffened side. A curve was then drawn using the arithmetic mean 
of strain readings on opposite sides of the panel. Figures XV and 
XVI represent typical curves for loads of 40,000 and 120,000 pounds 
on Panel 1. Figures XVII and XVIII are the curves for the same loads 
on Panel 2. 

2.10.3 Next the cross-curves (Figures XIX - XXXII) for seven 
stations cn each plate vere prepared. The points for a particular 
station were obtained by plotting mean strain at that station vereus 
the load at which that strain occurred. The strains used were the 
values read from the plote of paragraph 2.10.2. Two curves for each 
station were then drawn; one depicting edge strain versus load, the 
other center of plate strain versas load. These curves were faired in to 
minimirze errors made in the construction of the curves of paragraph 2.10.2. 

2.10.4 It was now possible to construct the stress and strain 
pattern at the center of the plate for a uniform tensile loading on the 
edge. Uniform straine of 500, 1000, 3500, and 2000 micro-inches per 
inch were selected. Por ench station the corresponding center of plate 
strain was plotted against station number. The resulting curve represented 
center of plate strain for uniform strain at the edge. The stress 
pattern was then plotted from the stress-strain relationship of Figure 
XIV. The uniform tension curves are included as Figures XXXIII = XXXVI 


for Panel l and Figures XXXVII - XL for Panel 2. 
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The results of this investigation are summarized ty the 
uniform strain curves, Figures XXXIII = XXXVI for Panel l and 


Figures XXXYII - XL for Panel 2. 


3.) Results of Test on Panal 1 


The curves depicting the lower values of uniform strain 
(Figures XXXIII and XXXIV) show a fairly uniform strain dis- 
tribution across the center of the panel. “his strain is about 
1.5 times the uniform strain at the edge. 

At 1500 micro-inches per inch unifora strain (Figure XXXV) 
the strain distribution across the panel is uniform with the ex- 
ception of the large strain at etation 18. The average strain acrose 
the center (excluding the reading at station 18) is about twice the 
edge etrain. 

At 2000 miero-inches per inch (Figure XXXVI) the strain at 
station 18 is again highar than the strain at the othar stations. 
Station 20 1s not plotted since the cross-curve did not give a value 


corresponding to thie edge strain. 


3.2 Results of Test on Papel 2 


At 500 micro-inches per inch uniform strain (Figure XXXVII) the 
center section shows a fairly uniform strain pattern about equal in 
magnitude to the edge strain. 

The strain in the center section corresponding to 1000 micro- 


inches per inch uniform edge strain shows a decided variation from a 
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uniform pattern (see Figure XXXVIII). The highest strain is ob- 
served closest to the stiffeners where it reaches a value of five 
times the edge strain. 

Figures XXXIX and XL (corresponding to 1500 and 2000 micre- 
inches per inch strain respectively) show similar strain patterns. 
The strain is high near the longitudinal stiffener, goes to a 
minimum, rises at the center, hits another low point, and rises te 
another high as it approaches the other longitudinal stiffener. The 
value of the maximum strain point plotted, at station 19, is about 
four times the 1500 micre-inch per inch uniform edge loading and five 


times the 2000 micre-inch per inch uniform strain. 
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There are two points that should be mentioned before embarkine 
on a general discussion of the strain patterns determined corres- 


ponding to uniform tensile londing. 


All of the strain curve drawn represent average, or heart-of- 
plate, values for the panels concerned. A study of the strain 
patterns as determined on the panel surfaces themselves is necessary 
to the understanding of the phenomena which occurred curing the tests. 
The strain gages on the edges of the plate generally showed corres- 
pondence for both panels. The strain for both sides increased in 
proportion to the increasing load and the gagee in corresponding 
positions indicated strains close enough in sagnitude to indicate that 
tension and not vending was the principal condition. In the same fashion 
the center of plate strain on opposite sides of Panel 1 showed good 
correspondence. On Panel 1 gages 4 and 22, 5 and 21, and 6 and 20 
vere in corresponding locations on opposite sides of the panel. At 
the 120,000 pound load, for example, the ratio of the principal strains 
at those three locations was 1.27:1, 1.17:1 and 1.17:1 respectively. 
This indication of a primarily tensile load is evident throughout 
the test of Panel 1. 

However Panel 2 shows a wide difference in strain readings at 
corresponding locations on opposite sides of the panel in the center 
section. On Panel 2 gages 10 and 29, 11 and 30, 12 and Xl, 13 and 32, 


and 14 and 33 were located in corresponding locations on opposite sides 
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of the plate. Reference to Figures XII end XIII will shov that tbeee 
gages wero Located in tbe vicdie section of the epean between the engi- 
tudinal stiffeners. Tw streins on the concave nido of the panel (£egeo 
30 - 14) reached very nigh strain values (up to 10,009 cicro-inches per 
ineh at 140,000 pounds lead) while the gayes on the convex aide showed 
compressive streins at first and eventwelly teneile etraine of sael) 
magnitude (see Table XVIII). A greprical reyresentaticn of the situation 
can be seen on FigureXVIII where these »rincipal strain reacims cre 
plotted as crosses «n the unetiffened side anc triangles on the wti/ fenedc 
side. These e>)trenes of strein, perticulerly evident on Panel i vere 
not considered in the reoperation of the uniform etrein curves. Tiere- 
fore ve Gust conclude thet stroins in e>cess of thore determined for 
Panel 2 do exist on one surface of the plate. These strains are in the 
region of the unsupported san between iomitudinel rtiffecers on the 
concave side. ‘ovever the regiona o° lighett etrain wore deterrined to 
be near the longitudinal stiffeners where it vas foun thet tie otrein 
readings on both ides of tie pase: were of toe same order of «agnitude. 
We mey then rogarc the cross-sectional area through to piste over Wich 
high strains were obtained as being trienguler in shape. The two ides of 
the penel near the lowitudinal stiffeners provide two vertices of the tri- 
angle and the concave side of the penel in the middle section of the span 
between longitudinal stiffeners provides the third. 


Bowhne of Trenaverpe Stilts‏ تی 

The bowing of the treneverse stiffeners of Panel l as described in 
paregraph 2.7 is believed to have been caused br the action of the pulling 
members under load. Tie bowlng of the horisontal portion of the pul.ing 
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member caused tue ends of the tast section to »ove toward one another, 
thus forcing the transverse stiffeners to bow. During the test of 
Panel 2 the horizontal portion of tie pulling member cid not bow as 
much a8 on Panel 1 and the resulting bowing of the transverse stiff- 
eners was noticeably less. It is coneicered that more uniform load- 
ing could be obtained b; redesign of the pulling members so as to re- 


duce the amount of bowing in the horizontal portion. 





4.3.1 The 500 micro-inch per inci uniform strain curves. 
(Figures YIXIII end WAVIII). 

At low megnitudes of etrain any effect that the distortion of 
Panel 2 had on the strain pattern is not discernible. train patterns 
for Panels l and 2 appear to be about the seno, essentially a uniform 
strain acrosa the center of the panel. 

4.3.2 The 10900 micro-1nch per incn uniform strein curves. 
(Figures XXIV and IXIVIII). 

Pane. 1 continues to indicate a uniform atrain pattern across 
the center of the plate. The unfairness of Panel 2 apperrs to have 
commenced to markedly affect the strain distribution. The plotted 
strain nearest to stiffener increased to 5000 micro-inches per inch 
and to 4000 nearest to the other stiffener. 

4.3.3 The 1500 micro-inch per inch uniform strein curves. 
(Figures X3XV and XJXIX). 


Figure XXXV sti. continues to show uniform strain across the 
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center except for the point at station 18. Reference to Figures 
XXIV and XVI shows the possibility of an error in obtaining this 
point. The value of the center of plate point would be greatly 
altered ty a slightly different sean strain curve drawn through the 
known points. Because of the paucity of points the curve is not 
known with such accuracy so it was not considered justifiable to 
alter the previously constructéé curve. 

The strain pattern of l'anal 2 (Figure XXXIV) assumes an 
extremely interesting shape when compared with the transverse section 
through the center of the panel (Figure XI). Tha similarity of the 
twe curves is quite noticeable. The points of minimus strain correse 
pond to the points of maximum deflection, and the highest strains are 
found adjacent to the longitudinal stiffeners. 

4.3.4 The 2000 micro-ineh per inch uniform strain curves. 
(Figures XXXVI and XL). 

The uniform strain curve for Panel 1 reaches a high point at 
station 18. Since a value for station 20 corresponding to this value 
of edge strain vas not available (see Figure XXV), the impression is 
gained that strain is increasing as it Gpproaches the stiffener at 
atation 21. It is probable that station 2C would be more in line 
with the other stations, and thus expose tha point at station 18 as 
being in error, as was indicated in paragraph 4.3 

The strain pattern for Panel 2 retains the same shape and 
similarity to Figure XI as was noted for the 1500 micro-inches per 
square inch uniform strain curve. 

Note the extremely high strain, and correspondingly large stress near 
the stiffeners while the bulged portion still does not carry its full share 
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Y CONCLUSIONS 


It is not considered practical for the authors to come to 
any quantitative conclusions on the basis of the two samples tested, 
Panel 1 was tested to obtain general information and to help find 
the most suitable location for gages for future tests. The gage 
locations for Panel 2 are considered to have given information to 
more accurately prepare the plots needed for the analysis. The 
results appear to confirm that strain and etress distribution is 
related to the plate distortion as was hypothesized at the commencement 
of this work. This relationship is particularly emphasized by the 
results of the test of Panel 2. The irregular contour of the panel 
and the strain picture at high loads which follows that contour 
lend credence to the hypothesis. It is hoped that future inves- 
tigations will quantitatively develop the relationships which 


appear to exist. 
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۲ NDATIONS 


The work on this project has only begun 1f the type of results 
envisioned are to be achieved. Therefors the following recommenda- 
tions for future work are suggested: 

6.1 A plane sample should be tested with more strain gages 
located in the center section and along the edge. The results of 
the test of Panel 1 indicate that symmetry was not present and that 
bending did occur. In addition more points are needed in order to plot 
the variation of strain across the plane panel with sufficient accuracy 
to prepare the cross-curves. 

6.2 More samples, with varying degrees of bulge, and eventually 
varying aspect ratios, should be tested. 

6.3 The possibility of modifying the design of the pulling members 
to obtain a more uniform load condition at the edges should be inves- 
tigated. The possibilities of using thicker gusset plates and/or a 
stiffer horizontal member are suggested. It should be realized however, 
that the basic problem of obtaining uniform tension along the edge of 
a plate, using a machine vhich essentially gives a point load source 
may never be fully solved. 

6.4 The use of an overall strain measurement, such as can be ob- 
tained by use of a Berry Gage (or similar mechanical strain indicator) is 
suggested. This reading should be taken over the length of the test 
section in the longitudinal direction. This strain can then be compared 
to the strains obtained by the SR-4 gages. The possibility of using 
these Berry Gage readings to construct the uniform strain curve should 


de considered. 
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Berry Gage readings were taken curing the teat of Panel 2 at stations 
3, 12, and Zl between points located on the norisontal portions of the 
pulling sembers using a gage lengtr of 14-1/4 inches, The straine 
from these readings were consistently larger than corresponding streins 
obtained from SR-4 gage readings. It was felt that tnese inaccuracies 
were introduced by the strain in the weld metal joining the test section 
and pulling member so the Berry Gage data was not used. 

6.5 The use of strain gages on the flanges end webs of the longi- 
tudinal stiffeners is a.so recommenced. Verification of the test data 
could then be mae by integrating the stress curves for both tre centor 
and leaded edge portions of the test section. The resulting velues of 
lead should correspond and should agree with the load imposed by the testing 
machine, Such data taken oniy on the outside of the flanges was i 
to make this procedure possible for the test of Panel 2. 

6.6 The ultimate form of the results is seen as a plot of dimen- 
sionless bulge (bulge megnitude diviced b> ».ate tiickness) verpus a 
stress concentration factor. This fector would be the seximm stress - 
existing in the plate divided br the unifora stress along the edge. ለ ; 


third parameter could conceivably be sacect ratio, 







x D Jy “ 
dl oni eu “gk 
ver | I E 






νο. ee rt ሐ 6 

ο Εν 0000 

NL lr svelo sl Ai et dina نے‎ 
„alte: Segna یب مر‎ Ecê Mim or uds 

ከመ» ው መ ei I 

















"Ht 4 
Misa] 
Iren 1] 


ο Μος, 
MM” πι τ οφ > 








"T 


me. . 
IN 








Table I SR-4 Indicator Readings 


(Micro inches per inch) 
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TableI SR-4 Indicator Readinge 


(Micro inches per inch) 





10 5640 5435 6760 §910 7570 6670 
11 7475 6240 £6805 7810 6300 6690 
12 6110 7610 7040 6220 7620 7020 
13 $510 5995 6580 5530 6050 6560 
14 7620 6170 5280 7910 6310 5200 
1 7835 7520 7695 8250 7750 7570 
1 7600 0 4210 7850 5000 4120 
17 8560 7210 5610 8720 7295 5570 
18 3710 4840 5770 3820 4910 5750 
19 o 6850 7160 4800 6900 7180 
20 810 6300 5430 8830 6430 5030 
21 8410 7530 4020 9150 7810 3630 
22 §080 7000 6550 5660 7160 6250 
2 7610 570 5550 7800 §910 5610 
2 5010 6910 6170 5080 6910 6150 
25 $970 5550 0ا‎ 6070 5580 4810 
26 7260 5610 4200 7640 5740 4080 
27 4280 6210 6460 4370 6270 6450 








Table I S9F-4 Indicator Readinge 


(Micro inches per inch) 
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Table و‎ Indicator Nentinge 








(Miers inchen per inch) 
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Table II AN-4 Indioator Readings 
(Uern inches ser inch) 
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Table II SR-4 Indicator Readings 
(Micro inches per inch) 


— ` w ._ں.-.‎ — 


40,000 P ۹ 60,000 Pounds 
Gage Α Β 0 A 0 


Νο 1 1 8 
1 7330 “E 4250 7680 6910 5750 
2 7160 3 5660 7360 3640 5620 
2 7280 7530 6040 7800 7700 6000 
7680 7050 £4840 8140 7310 4760 
; 5960 6190 3590 6280 6250 3510 
pene 6720 7560 9250 6790 7550 
7 8280 5330 4760 8440 5380 4710 
8 7520 6810 7400 7740 6 860 7280 
9 6320 6570 # £4990 6720 5720 4910 
10 9420 8490 £6460 10000 8750 6380 
11 8030 7450 6590 8540 7670 6450 
12 8610 7950 0 9600 8430 4540 
13 7610 6130 5970 8490 6640 4910 
14 9440 6480 6400 9690 6580 6310 
15 7900 2350 5220 8690 7780 5060 
16 5800 6820 5350 6110 6890 5050 
17 7210 6790 5710 7330 6810 5680 
18 8060 7980 6050 8330 8060 6050 
19 9510 7290 6540 A-1390 7690 6410 
20 6940 5070 £6160 7120 $180 6120 
21 5130 «010 6010 5330 $150 6010 
22 6080 7h50 8410 6270 7540 8370 
23 - - - - - 
ا2‎ 6750 5060 7010 7200 5290 6970 
25 6180 60 7630 6390 6280 7530 
26 $820 6350 8240 5980 6380 8200 
27 5710 “4500 0 5880 4550 5480 
28 5440 $350 60 5500 5350 6200 
29 4000 5600 5890 3960 5490 5420 
30 4400 6500 7810 60 6560 7720 
31 4740 4690 7650 4660 14580 7480 
32 7180 6740 7820 7100 6480 7610 
33 4490 5960 6630 4800 6000 6460 
34 4930 6930 6260 5620 7350 6150 
35 4260 - 5650 6720 4270 4840 6680 
36 ' 6280 4540 7080 6640 4650 6920 
37 6060 5940 
38 6350 6220 
9 7460 7460 
0 6850 6780 
51 6730 6630 
42 4690 4670 
87 0.425" 0. 396" 
B2 0.367" 0. 320" 
B3 0.324" 0.288" 








Table II SR-4 Indicator Readings 


4850 
5760 


5750 
5590 
5950 
4680 
28 
4730 
7150 
4810 
6310 


4850 


(Micro inches per inch) 


10110 
9250 
7400 
9630 


8430 
9160 
A-3460 


0430 
06۔۸‎ 
A-1330 
A-3110 
A-2550 


A- 5200 


6620 





6210 
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Table II 


(Micro inches per inch) 


SR-4 Indicator Readings 





k - inc ui 
No, Axis ልጆ! 6 Axis Axis Axis Axie 


A-2680 
10180 


8500 
8190 
A-4950 
A-2870 
10600 
10120 
9370 
9520 
A-2500 
A-6170 
A-2100 


A-4470 
چس‎ 
A-5360 
8290 
8040 
9490 
A-8720 
8130 
6200 
7490 


9780 
9030 
6940 
6450 
7080 
5470 
9270 
10570 
9930 
0ء۸‎ 
A-2500 
4600 
10580 
6080 
6080 
8020 
7040 
6610 
5220 


0. 244" 
0.043" 
0.122" 


5410 
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TABLE 
Calculation of Principal Strains 





Gage 
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A axis 


0105 


0060 
0165 
0050 
0160 
0130 
0200 
0065 
0045 
0075 
0160 
0100 
0030 
0070 
0140 
0160 
0040 
0030 
00 

0030 
0090 
0010 
0050 
0060 
0010 
0000 
0070 
0020 
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TABLE III (continued) 
Calculation of Principal Strains 
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Angle Major Minor 
Principal Principal Principal 
Aro 
Gage B-D (E° py Tan + H D+G D-G 
] 22. 6 71.4 18.4 9. 2 109 -34 
2 55 (66 15.7 7.8 286 اہ‎ 
5 113 2.5 1.2 160 -70 
35 2 8.1 4.0 73 -123 
5 -25 245 -6.0 -3.0 0 -δ0 
6 20 260 خا ,جا‎ 2. 2 440 -80 
7 16 160 5.4 2.7 210 -110 
8 5 55 5.2 2.6 90 -20 
c -25 123 -11.75 =5.9 22 -23 
10 80 197 23.9 12 27 -117 
11 10 160 0.9 . ὦ 250 -70 
12 0 50 0 0 80 -20 
1 10 110 5.2 2.6 170 -50 
1 30 16 10.6 5.3 273 -53 
1 20 26 جا‎ ,( 2. 2 400 -120 
1 -50 168 -17.3 -8.6 258 -78 
17 65 0 0 85 -35 
18 95 3.0 1.5 160 -20 
19 -45 113 -23.4 77ہ‎ 188 -38 
20 22.5 135 9.62 4.8 203 -67 
21 0 140 0 0 150 -130 
22 -25 167 -B. 6 -4.3 242 -92 
2 90 0 150 -30 
2 -5 ? -3.8 -1.9 90 -60 
i -32.5 66.3 -29.4  -1 99 -34 
2 -50 18.7 -15.5 8ے‎ 307 -67 


27 -2.5 48.2 8.95 -ᾱ-ς 76 -20 





TABLE I: 
Caloulation of Principal Strains 


L Load "0,090 pounds 
 —— — —— — — — 


n ane To 


Gage A Axis B Axis 6 Axie 
è (A+B) A-D 
l 0250 0160 -0060 95 155 
2 0610 0325 -0110 250 360 
; 0330 0120 -0100 115 215 
0890 0370 -0300 295 595 
5 1180 0440 -0220 480 700 
6 1080 0420 -0310 385 E95 
7 0390 0140 -0170 110 280 
8 0160 0100 -0040 60 100 
9 0480 0155 -0070 2056 275 
10 00 005 -0190 125 315 
11 0575 0170 -0215 180 395 
12 0190 00 -0050 75 115 
1 0300 0125 -0070 115 85 
14 1540 0270 -0140 200 340 
15 0835 0380 -02 55 290 545 
16 0510 0040 -0170 170 350 
17 0245 0090 -0070 88 157 
18 0270 0130 -0050 110 160 
19 0340 0070 -0020 160 180 
20 0680 0280 -0195 242 438 
21 0760 0250 -0240 260 500 
22 0650 0160 -02h0 205 44 5 
2 0330 0160 -0000 165 165 
2 0170 0010 -0090 40 130 
25 0190 0040 -0050 70 12 
26 0660 0170 -0200 230 0 
27 015 0050 -0030 62 5 





TABLE IV (continued) 
Calculation of Principal Strains 








Angle Ma jor Minor 
Gage Principal Principal Principal 
No. Strain Strain Strain 
Arc 
B-D (E2 F2)? Tan 44H D- G D-G 
E 
1 65 167 22.7 11.4 262 -72 
2 75 368 11.8 5.9 618 -118 
2 5 215 1.3 0.7 330 -100 
75 600 7.2 3.6 95 -305 
5 -40 700 3.3  -1.6 1180 -220 
6 35 695 2.9 1.0 1080 -310 
7 0 282 6.1 3.0 392 -172 
8 0 108 21.8 10.9 168 - 148 
9 -0 280 -10.3  -5.6 485 -75 
10 180 363 29.7 15.8 488 -238 
11 -10 395 -1.5 -0.8 575 -215 
12 -35 120 -16.9 -8.4 195 ET 
l 10 186 $.7 2.8 301 -71 
1 20 348 11.6 5.8 Y -148 
15 90 +7 9.4 4.7 L -26 
16 -130 36 -20.9 08ء‎ 53 -19 
17 2 157 1.5 0.8 245 -69 
18 20 161 7.1 3.6 271 -5] 
19 -90 202 -26.5 -13.2 62 - 2 
20 38 138 5.0 2.5 80 -196 
21 -10 500 -10.2  -$.1 760 -240 
22 -45 449 -5.8  -2.9 654 -244 
23 -5 165 -1,?  -0.8 330 0 
25 -30 13 -13.0 «6.6 173 -9 
25 -30 12 -15.0  -7.0 19% -5 
26 -όο 435 -7.9 -5.0 665 -205 
27 -12 94 -7.4 -3.7 156 -32 
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TABLE | 
Calculation of Principal Straine 


Gage A axis B axis C axle 


1 0390 0260 -0110 180 260 
2 0910 0480 -0200 355 555 
3 0590 0210 -0110 140 350 
Í, 1570 0510 -0620 475 1095 
? 2060 0740 -0620 720 1340 
1840 0520 -0700 570 1220 
7 0560 0200 -0230 165 395 
8 0250 0190 -0050 100 150 
9 0700 0225 -0120 290 530 
10 07ጊ0 0440 -0280 215 595 
31 0910 0230 -0330 290 620 
12 0300 0050 -0060 120 180 
13 ob20 0180 -0090 165 255 
1% 0830 0410 -0220 05 525 
15 1250 0610 -0380 35 815 
16 0760 0050 -0260 250 510 
17 0405 0175 -0110 148 257 
18 0380 0200 -0070 155 225 
19 0500 0120 -0000 250 250 
20 1370 0410 -0595 388 982 
21 1500 0530 -0630 435 1065 
22 1230 0320 -05ho 335 ጸ85 
23 0520 0310 0060 290 230 
2h 0240 0010 -0110 65 175 
2 0290 0070 -0080 105 185 
2 1040 0300 -0320 360 680 
27 0245 0110 -0040 102 143 


ay 
1 


"6 


a 





TABLE Y (continued) 
Calculation of Principal ‘trains 













Le Ma jor Minor 


Ang 
Gage Principa Principal Principal 
No, | | | Strain Strain Strain 
1 Arc 

8-5 (55 ፻2) ፐ ጸ ከ ት ቨ D+ 6 ሀ-0 
1 -120 278 -25.6 -12.8 418 -138 
2 125 569 12.7 6.4 924 -214 
2 το 227 + 5.6 7 -217 
| 35 1095 1. . 9 1570 -620 
፡ 20 ጊ350 .9 .h 2060 -620 

-$0 1270 -2.3 41.2 1850 -700 
7 25 295 5.1 2.6 560 -230 
8 90 175 30.9 15.4 275 =75 
9 -65 415 -9. 0 -h. 6 705 -125 
10 225 45 25.5 12. 2 760 -330 
11 0 20 -5.6 -2.8 910 -330 
12 -70 19% -21.2 -10.6 314 -74 
1 15 255 3.4 1.7 420 -90 
1 105 536 11.3 5.6 841 -231 
1 175 835 12.1 6.0 1270 -400 
1 -200 548 -21,b «10.7 798 -298 
17 27 258 6.0 3.0 406 -110 
18 4§ 230 11.3 5.6 385 -75 
19  -130 282 -27.4 -13.7 532 -32 
20 22 982 1.3 . 6 1370 - 594 
21 95 1065 5.3 2.6 15600 -630 
22 -25 885 -1.6 -.8 1230 ~ 540 
23 20 230 5.0 2.5 520 60 
28 -55 184 -17.4 -8.7 249 -119 
25 -3 189 -10.7 -5.b 294 -84 
26 -60 0 -5.1 -2.6 1040 -320 
27 8 143 3.2 1.6 245 -ῃ1 





TABLE VI 
Calculation of Principal Ètrains 


p ` 8 1 | ማን. 00 


A 5 C D x 


Gage A axia B axia C axis 


No, strain strain strain 


$ (A+B) A-D 

1 0550 0390 -0140 205 355 
2 1220 060 -0270 475 745 
? 0690 0320 -0110 290 400 
2210 000 -0760 725 1485 

? 2510 1300 -1390 1060 2450 
2680 0780 -1109 790 1890 

7 0750 0280 -0260 245 $05 
8 0350 0300 -0080 135 215 
9 0910 0275 -0170 379 540 
10 1560 0650 -0540 510 1050 
11 1220 0260 -0420 400 820 
12 0430 0050 -0080 175 255 
1 0545 0230 -0110 218 327 
1 1150 0590 -0310 420 20 
15 1760 0880 -0500 620 1130 
16 0980 0110 -0310 235 645 
17 0585 0280 -0150 218 367 
18 0510 0260 -0070 220 250 
19 0700 0210 0070 315 185 
20 2100 060 -091 5 598 1502 
21 2790 1090 -1380 705 2085 
22 1740 0460 -0630 555 1185 
2 0770 0490 0140 315 455 
2 0310 0040 -0110 100 210 
25 0420 0120 -0100 160 260 
26 1350 0460 -0400 575 575 
27 0365 0180 -0060 152 213 
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TABLE VI (continued) 
Calculation of Principal Strains 


oad 80,000 


90 und 


፣ 6 H I J K 
Angle Major Ni nor 


Gage 


Panel 

B-D (E2 F2)? 
185 392 
165 763 
30 400 
125 1485 
240 2450 
-10 1890 
5 505 
165 271 
-95 546 
140 0 
-140 834 
-125 284 
12 327 
170 751 
250 1160 
-225 684 
62 372 
40 294 
-105 399 
92 1502 
385 2120 
-95 1185 
175 488 
-60 219 
-40 263 
-15 875 
28 215 


Are 
Tan 


28. 
12. 
N. 
h. 


5. 


b. 
37. 
-10. 
7. 
-9. 
-26. 
2. 
13. 
12. 
-19. 
9. 
7. 
-15. 
3 
10. 
«ἂς 
21. 
-15. 
-8. 
-1. 
7. 
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OW” £7 ONU N Co OvD CO ON F0 ON O I CO CO O CO O O CO [7 toV HM 


Prinolpal Principa 
St 8 


D+ G 


1 Principal 
n 


D-G 


-7 
-288 
-110 
-760 
1390 
1100 
-260 
-136 
-176 
-550 
-434 
-109 
-109 
-331 
=5 30 
-389 
-154 

-74 


-904 
1415 
-630 
-173 
-119 
-103 
-400 

-63 


79 


4 >» 
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EE 





TABLE VII 
Calculation of Principal "trains 
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TABLE “II (Continued) 
Calculation of Principal Strains 





nel No, l Load 100,000 pounc 


Angle Ma Jor Minor 


Gage Principal Principal Principal 
Str 
Aro 

B-D (E? P2) Tan $H 06 0-6 
1 285 538 32.0 16.0 80 -273 
2 675 1640 24.3 12.2 2485 -795 
i $ 529 $.96 3.0 924 -134 

195 2150 5.2 2.6 3205 -1095 
140 3890 2.1 2.0 5680 -2100 

250 3320 > 2.2 4610 -2030 
7 30 60 2. 1.4 950 -290 
8 240 361 41.6 20.8 551 ~171 

-185 724 “14.8 -7.4 1194 —2 544 
10 235 1710 7.92 1.0 2605 -815 
11 -240 1040 -13.35 6.7 1550 - 530 
12 -200 ὑοῦ -29.7 15.8 656. -160 
1 0 410 0 0 700 -120 
1 1215 1750 25.2 12.6 2605 -895 
1 535 1790 17.4 8 237 ~1205 
1 -305 1 -20.25 -10.1 139 < 
17 102 499 11.8 5.9 797 -201 
18 68 75 10.45 5.2 657 -93 
19 -230 53 -30.5 -15.2 983 7 
20 503 2770 10.45 5.2 3762 -1778 
21 390 3450 6. 5 3.2 4750 ~2150 
22 -68 1262 -3,1  -1.6 2060 -46h 
27 5 424 7.45 2.7 1074 226 
2 -100 270 -21.8 -10.9 420 -120 
25 -25 355 -4,0  -2 580 =3 30 
26 15 1015 85 Y 1610 -420 


27 62 284 12.6 6.3 492 -76 





0720 
220 
580 

2380 

2300 


2300 
0180 
0600 
0285 
1760 
0360 


0050 
0360 
285 


1390 
0530 
0500 
0490 
0500 
2340 
2110 
1410 
0900 
0070 
0280 
0860 
0370 


TABLE VIII 
Calculation of Principal Strains 


-0230 
-0940 
-0170 
-1260 
-2325 


-0110 
T 
21140 
-0560 
-0160 
-0140 
-1250 
-0620 
۔‎ 0۱ 
-0240 
-0190 
-0230 
-2955 
-2260 
-0770 

0310 
-0140 
-0190 
-0^400 
-0100 








TABLE VIII (continued) 
Caloulation of Principal Strains 





F G E J 7 
Angle Major {nor 
Gege ኖም س‎ "emn Principal 
9 ; i 
Are 
(E2 F2)? Tan ቴክ D+ G D-6 
z 
1 36 5 690 32.0 0 1045 -335 
2 1470 3060 28.7 14.4 4810 -1310 
3 -60 810 4.3» u 1450 =1 70 
4 670 040 12.7 6.4 4750 -1330 
9 62 572 0.8 0.4 6810 2334 
é 30 5550 0 0 8150 -3530 
7 55 885 3.6 1.8 1310 -460 
8 40 502 42.6 21.3 767 -2ἱ2 
9 -425 933 -26.8 “27 1643 -223 
10 35 2420 12.8 . 4 3645 -1195 
11 -400 1373 -16.9 -8.4 1533 -613 
12 ~285 §70 =30,0 -15.0 905 -335 
13 -35 535 =3. 8 -1.9 930 -140 
14 1290 3150 24.7 12.4 4710 ~1590 
1 120 1890 3.6 1.8 3160 -620 
1 -865 2030 -29.2 «12.6 3425 -635 
17 88 660 2.7 3.8 1072 -248 
18 135 560 13.9 7.0 915 -205 
19 -20 750 41.8 «8.8 1270 -230 
20 358 4938 4.1 2.0 6920 -2956 
21 330 4040 5.7 2.4 5820 -226 
22 80ے‎ 2260 83.90 158 3750 -770 
2 330 20.5 10.2 1510 -370 
2 -155 397 -23.0 -11.5 622 -172 
25 -35 505 -h.0 -2.90 820 -190 
26 -26 1285 103 «6.8 2120 -400 
27 78 400 11.2 5.6 692 -7 





TABLE IX 
Calculation of Principal Strains 





2 3690 1120 -0450 1620 2070 
27 0975 0420 -0160 408 567 





ur 


TABLE I) (Continued) 
Calculation of Principal Strains 





Angle J 
Gage Prinsipal Principal Principal - 
3 
Aro 

B-D (El ϱ2)ὰ Tan = ቫ D+G D-G 
1 410 065 28. 3 14.2 1365 -365 
2 1485 4240 20. 10.2 7135 -1345 
፲ -145 1250 -6.69 -3.3 2165 “227 

525 4170 7.22 3.6 6675 -1665 
5 -50 770 -5.0 -2.5 8770 -2770 
6 55 05 4.8 2.4 9500 - 3710 
i 0 1570 18.6 1.3 2180 -$60 

15 662 38.8 19.5 1027 -297 
9 -785 1360 ` -16.6 2540 -180 
10 95 3590 1. 0.7 6295 -1485 
11 -345 2230 - 8. 88 ا ,پا‎ 3785 -675 
12 - 380 81 -27.8 -13.9 1304 -32h 
1 -95 713 -7.66 -3.83 1238 -188 
1 945 3930 13.9 7.0 6305 -1555 
15 125 2845 2.5 1.2 4510 -1180 
16 -1215 3470 -20.5 -10.2 5915 -1025 
17 38 1023 2.1 1.0 1585 -461 
18 0 780 0 0 1290 -270 
19 -270 856 -18.4 «ο. 1906 194 
20 458 6040 4.4 2.2 8792 -3288 
21 265 5215 2.9 1.5 7830 -2600 
22 -245 3720 -3.8 -1.9 6175 -1265 
27 222 425 31.5 15.8 1173 323 
2h -315 674 -27.9 -14.0 1019 -329 
25 -145 826 -10.1 -5.0 1281 -271 
26 -500 2130 -13.5 -6.8 3750 -510 
27 12 567 1.2 6 975 -159 











Caloulation of Principal Strains 


TABLE 1 


A B C D E 
A Axis B Axis C Axis 

train strain stra 
No. ) (4*3) AD 
1 50 40 ο 25 25 
3 120 90 -4 40 80 
3 320 170 -70 125 70 
4 310 130 -100 105 205 
5 300 50 -50 125 175 
6 220 20 -30 95 125 
7 160 40 -30 65 95 
8 140 10 -80 30 110 
9 320 130 -60 130 190 
10 600 220 -60 220 280 
11 540 220 -110 215 325 
12 750 330 -100 δ 416 
13 580 390 -100 240 340 
14 420 150 -80 170 250 
15 250 50 -90 80 170 
16 150 10 -90 30 120 
17 70 -10 -20 25 45 
18 170 20 0 85 85 
19 470 250 ٥ 205 265 
20 -20 30 0 -10 -10 
21 150 140 -10 70 BO 
22 150 140 -20 65 85 
23 
24 350 140 -60 145 205 
25 270 30 -60 105 165 
26 210 0 -40 135 75 
27 170 10 -40 115 δ5 
28 30 0 -70 -20 10 
29 -110 -110 -150 -130 20 
30 20 0 -100 ~40 60 
31 -160 -170 -180 -170 10 
32 -130 -180 -160 -145 15 
33 80 -20 -110 -15 65 
34 170 50 -40 65 105 
35 80 -20 -30 25 55 
36 180 120 -100 40 140 
37 -10 
38 110 
39 430 
40 230 
41 110 
42 200 


I 





| 
a 











Calculation of Principal Strains 


TABLE 


X (continued) 


7 0 H I J K 
Angle Major Minor 
Gago Principal Principal Principal 
AAA AI e/oa σπα. 
Arc 
ہے‎ (αλ m ὁ وہ‎ 5.0 

1 15 29 30.7 15.4 54 4 
2 50 95 31.8 15.9 135 -55 
3 45 84 32.6 16.2 209 41 
4 25 209 6.9 3.4 314 -104 
5 -75 192 -23.0 -11.5 33 7 -67 
6 -75 147 -80.7  -15.4 242 -52 
7 -25 99 -14.2 -7.1 164 -34 
8 -20 113 -10.2 -5.1 143 -83 
9 0 190 0 0 290 -60 
10 0 200 0 0 500 -60 
11 5 325 0.9 .4 540 -110 
12 15 415 2.1 1.0 730 -100 
13 50 347 8.3 4.2 587 -107 
14 -20 250 -4.6 -2.8 420 -80 
16 - 30 174 -9.9 -5.0 254 -94 
16 -20 123 -9.4 —4,7 153 -93 
17 -35 57 -37.6 -18.8 82 -32 
18 -65 107 -37.2 -18.6 192 -22 
19 -45 271 -9.6 -4.8 476 -66 
20 40 42 104.0 52 32 -52 
21 70 107 40.9 20.4 177 -37 
22 75 114 41.2 20.6 179 -49 
23 
24 -ὂ 2056 -1.4 -0.7 350 -50 
25 -75 183 -24.2 „12.1 288 -78 
26 -135 156 -61.2 =ዉ0,6 291 =23 
27 = 05 120 -62.6 -31.3 235 -5 
28 20 26 67.6 33.8 6 -46 
29 20 28 45 22.5 -102 -158 
30 40 73 33.4 16.7 55 -113 
a 0 10 0 0 -160 —] 80 
32 -35 38 -67 -33.5 -107 -183 
33 -5 65 -4.4 -2.2 50 -80 
34 -15 107 -8.0 -4.0 172 -42 
35 -45 71 -39.0 -19.5 96 -46 
36 80 162 29.5 14.8 202 =122 
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TABLE XI 
Calculation of Principal Strains 





No. 5 (A+B ) 
1 190 130 -10 90 
2 300 210 -90 105 
3 710 330 -140 285 
4 730 350 -190 270 
5 610 130 -110 250 
6 450 90 -60 195 
7 320 90 -50 135 
8 340 40 -190 75 
3 700 300 -120 290 
10 1050 480 -120 465 
11 1080 450 -240 405 
12 1440 670 -190 625 
13 170 670 -180 -5 
14 850 290 -180 335 
16 550 130 -190 180 
16 360 50 -210 75 
17 170 0 -40 65 
18 400 80 0 900 
19 1400 760 -90 655 
20 80 110 10 45 
21 350 290 =20 165 
22 310 260 -60 125 
23 

24 730 370 -120 305 
25 500 50 -140 180 
26 370 20 -80 145 
27 360 50 -60 150 
28 70 0 -150 -40 
29 -180 -210 -310 -245 
30 120 10 -220 -50 
31 -240 -260 -340 -290 
32 -220 -370 -330 -275 
33 220 - 40 -240 -10 
34 380 130 -100 140 
35 180 -20 --7ο 45 
36 340 240 -160 90 
37 -70 

38 30 

39 530 

40 210 

4] 50 

42 20 
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TABLE XI (continued) 
Calculation of Principal Strains 





cio Meine en y 
Angle Major Minor 
Gage Principal Principal Principal 
No, Strain Strain Strain 
Arc 
ap (y+)? can 385 DO DG 
፻/፤ 

3 40 109 21.6 10.8 199 -19 
2 105 223 28.1 14.0 328 -118 
3 45 431 6.0 3.0 716 -146 
* 80 471 9.8 4,9 741 -201 
5 -120 383 -18.3 -9.2 633 -133 
6 -105 278 -22.2 -11.1 473 -83 
7 -45 19] «16.6 -6.8 326 -56 
B -35 270 -7.4 -3.7 345 -195 
9 10 410 1.4 0.7 700 -120 
10 15 585 1.6 0.8 1050 -120 
11 45 645 4.0 2.0 1050 -240 
13 45 835 3.2 1.6 1440 -190 
13 575 605 73.2 36.6 600 -610 
14 -45 515 -5.0 -2.5 850 -180 
15 -50 376 -7.6 -3.8 556 ~194 
16 -25 285 -5.0 -2.5 360 -210 
17 -65 124 ۔-‎ 5 -15.8 189 -59 
18 -120 234 - 90.8 -15.4 434 —34 
19 105 760 7.8 4.0 1415 -105 
20 65 74 61.9 31.0 119 -29 
21 125 225 33,8 16.9 390 -60 
25 135 230 35.9 18.0 355 -105 
23 
24 65 434 8.6 4,3 739 -129 
25 -130 348 -21.9 ~11.4 528 -168 
26 -125 259 -28.8 —14,4 404 -114 
27 -100 234 -25.3 -12.6 384 -84 
28 40 118 19.8 9.9 78 -158 
29 35 74 28.1 14.0 -171 -319 
30 60 182 19.3 9.6 132 -233 
al 30 58 30.8 15.4 -232 -348 
32 -95 111 -60.2 -30.1 ~164 -386 
33 -30 234 -7.4 -3.7 224 -244 
34 -10 240 -2.4 -1.2 380 -100 
35 -6δ 151 -25.5 -12.8 196 -106 
36 150 293 30.8 15.4 383 -203 
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TABLE XII 
Calculation of Principal Strains 


Pane] No, 2 Load 60,000 pounds 


A B ር D E 
A Axis B Axis C Axis 

Gage strain strain strain 

4 (A+B) A-D 
] 340 210 -10 165 175 
2 500 310 -130 185 315 
3 1130 500 -180 475 655 
4 1190 610 -270 460 730 
5 930 190 -190 370 560 
6 670 160 -0 295 376 
7 480 140 ~70 205 275 
n 560 90 -510 125 435 
9 1100 450 -200 450 650 
10 1630 740 -200 715 915 
11 1560 670 -380 590 970 
12 2430 1150 -260 1085 1345 
13 2050 1080 -240 905 1145 
14 1100 390 -570 265 835 
15 1340 360 -350 495 845 
16 670 120 -310 180 490 
17 290 20 -70 110 180 
18 670 160 0 335 335 
19 2740 1430 -220 1260 1480 
20 260 220 -30 115 135 
21 550 430 -20 265 285 
22 500 360 -100 200 300 
23 
24 1080 600 -160 460 620 
25 710 50 -240 235 475 
26 530 50 -120 205 325 
27 530 100 MY 230 300 
28 150 0 -230 -50 180 
29 -220 -320 -480 -350 130 
30 280 70 -310 -1δ 295 
31 -320 -370 -500 -410 90 
32 -300 -630 -540 -420 120 
33 530 0 -410 60 470 
34 1070 550 -210 430 640 
35 290 -20 -110 90 2 
3€ 700 350 -320 140 560 
37 -130 
38 -100 
39 530 
40 140 
4] -50 
42 260 
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TABLE "II (continued) 
Calculation of Principal Strains 





Panel “M2, 2 Load 60,000 pounds 


Major 


Angle Minor 
Gage Principal Principal Principal 
ko Strain Strain Strain 
Arc 

B-D (sr)? ma ¿8 م بج‎ DG 
1 45 182 14.3 7.2 347 -17 
2 125 342 21.5 10.8 527 -157 
3 25 655 2.2 1.1 1130 -180 
4 150 753 11.5 5.8 1213 -293 
5 -180 592 -17.7 -8.8 962 -222 
6 -135 403 -19.6 -9.8 698 -108 
7 -65 285 -13.2 -6.6 490 -80 
8 -35 435 -4.6 -2.3 560 -310 
9 0 650 0 0 1100 -200 
10 25 915 1.6 0.8 1650 -200 
11 80 970 4.7 2.4 1560 -380 
12 -35 2345 -1.5 -0.8 2430 -260 
13 175 1170 8.6 4.3 2075 -265 
14 125 850 8.45 4,2 1116 -585 
16 -135 863 -9.0 -4.5 1358 -368 
16 -60 498 -6.9 -3.4 678 -318 
17 -90 202 -26.4 -13.2 312 -92 
18 -176 381 -27.4 -13.7 716 -46 
19 170 1500 6.5 3.2 2760 -240 
20 105 172 37.6 18.8 287 -57 
21 65 332 29,8 14.9 597 =67 
92 360 542 27.9 14.0 542 -142 
23 
24 140 642 12.6 6.3 1102 -182 
25 -186 514 -21.1 -10.6 749 -279 
26 -155 363 -25.3 -12.6 568 -158 
27 -130 330 -23.2 -11.6 560 -100 
38 50 188 15.4 7.7 138 -238 
29 30 134 19.9 6.4 -216 -484 
30 85 310 15.9 8.0 295 -325 
al 40 99 23.8 11.9 -311 -509 
32 -210 243 -60.4 -30.2 -177 -663 
33 -60 480 -7.2 -3.6 540 -420 
34 120 656 10.5 5.2 1086 -226 
36 -110 230 -28.6 -14.3 320 -140 
36 210 604 20.4 10.2 744 -464 
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A Aris B Axis C Axis 
ages ἐμ sile siae __ ___o »O»O”“ ማዳ 
ዓው è (A+B) AD 
1 510 300 -30 240 270 
2 710 —A10 -160 275 435 
3 1870 750 -240 815 1055 
4 1730 970 -350 690 1040 
5 1360 220 - 340 570 790 
6 860 230 -40 410 450 
7 640 190 -80 280 360 
8 850 150 -440 205 645 
9 - 2070 910 -300 885 1185 
10 2880 1390 -270 1305 1575 
11 2070 880 -600 735 1335 
12 4490 2050 -320 2075 2395 
13 3190 1710 - 300 1445 1745 
14 1680 520 -390 645 1035 
15 3220 770 -550 1335 1885 
16 1160 270 -44 7 360 800 
17 430 50 -100 165 265 
18 940 240 10 475 465 
19 4530 2050 -500 2015 2515 
20 460 360 -50 205 255 
21 760 560 -20 370 390 
22 690 450 -130 280 410 
23 
24 1390 870 =3 90) 600 790 
25 910 -20 —400 255 655 
26 650 90 ሙጌን 40 255 395 
27 66ዕ 130 —50 305 355 
28 160 30 -310 -75 235 
29 -360 -500 -690 -525 165 
30 470 190 -340 65 405 
a -310 -490 -760 -535 225 
32 -280 -930 -770 -525 245 
33 1230 280 -600 315 915 
34 2900 1650 -300 1300 1600 
35 400 -10 -140 130 270 
36 1440 460 -610 415 1025 
37 -160 
38 -240 
39 620 
40 90 
4] -1 70 
42 240 


Table XIII 
Calculation of Principal Strains 
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B-D 


60 
135 
-65 
300 

- 350 
-180 
-90 
-55 
25 
85 
145 
~25 
265 
-125 
-565 

-90 
-115 
-235 

35 
155 
190 
170 


270 
-276 
-165 
-175 

105 

25 
125 
45 
-405 

-35 

350 
-140 
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280 
460 
1055 
1090 
870 
490 
375 
645 
1185 
1575 
1350 
2395 
1780 
1050 
1990 
814 
291 
925 
2915 
301 
437 
44^ 


843 
716 
432 
400 
260 
168 
428 
232 
476 
915 
1660 
305 
1025 


Angle 
Principal 

Are 
Tan $ E 
12.4 6.2 
17.1 8.6 
- 8.5 1.8 
16.0 8.0 
~23.7 -11.8 
-21.6 -10.8 
-13.9 -7.0 
-4.9 -2.4 
1.5 0.8 
3.1 1.6 
6.2 3.1 
-0.6 -0.3 
8.6 4.3 
-6.8 -3,4 
-18.5 -8.2 
-6.8 -3.4 
-23.2 -11.6 
-26.6 -13.3 
0.8 0.4 
31.0 15.5 
26.8 12.9 
22.3 11.2 
18.7 9.4 
-22.6 -11.3 
-22.5 -11.2 
-26.0 -13.0 
23.9 12.0 
8.5 4.2 
17.0 8.5 
11.2 5.6 
-59.0 -29.5 
2.2 1.1 
12.2 6.1 
27.4 13.7 
2.5 1,2 


TABLE *11I(continued) 
Calculation of Principal Strains 


Major 


D+G 
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1870 
1780 
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2960 
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1440 





Minor 
Principal Principal 
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-40 
-185 
-240 
-400 
-300 

-80 

-95 
-440 
-300 
-270 
-615 
-320 
-335 
-405 
-655 
-454 
-126 

-50 
-500 

-96 

-67 
-168 


-243 
-461 
-177 

-95 
-335 
-693 
-363 
-767 
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-175 
-610 
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A Axis B Axis C Axis 

Gage strain εαν ew— strejh _____€_e—__ o o 
No. 

4 (A+B) A-D 
1 700 380 30 335 365 
2 890 διο -170 360 530 
3 3440 1280 -360 1540 1900 
4 2300 1370 ~410 945 1355 
5 2060 280 -580 735 1215 
6 1050 280 -10 520 530 
7 830 240 -100 365 485 
n 1250 230 -620 23 5 935 
9 3540 1590 -400 1570 1970 
10 4550 2190 -260 2145 2405 
11 2450 1000 -940 755 1695 
12 6970 3190 -430 3270 3700 
13 4350 2350 -870 2140 2210 
14 3980 1140 -1740 1130 2860 
15 4660 1330 -730 1965 2695 
16 1720 410 -620 550 1170 
17 560 60 -130 215 345 
18 1190 300 40 615 575 
19 6550 2650 -790 2880 3670 
20 670 600 -60 306 365 
21 950 690 10 480 470 
22 850 520 ~130 360 490 
23 
24 1640 1160 -180 730 910 
25 1230 -140 -660 285 945 
26 760 130 -140 310 450 
27 780 140 -10 385 395 
28 310 70 -500 -95 405 
29 -310 -560 -1000 -655 345 
30 880 420 -350 265 615 
31 180 ~390 -1060 -440 620 
32 0 -1140 -990 -495 495 
33 3420 1230 -930 1245 2175 
34 4530 2650 -380 2075 2455 
35 490 - 30 -170 160 330 
36 2420 710 -1030 695 1725 
37 -150 
38 -290 
39 640 
40 110 
4 -190 
42 340 


Table XIV 
Calculation of Principal Strains 
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TABLE XIV (continued) 
Calculation of Principal Strains 





Angle Major Minor 
Gago Principal Principal Principal 
| | ° | 
Arc 

BD (1% PÈ τω ix DIG D-0 
1 45 368 7.0 3.5 703 -33 
2 150 550 15.9 8.0 910  -190 
3 -260 2000 -7.6 -3.8 3540 -460 
4 425 1420 17.5 8.8 2365 -475 
5 -455 1390 -19.1 -9.6 2125 -655 
6 -240 581 -24.4 -12.2 1101 -61 
7 -125 480 -15.1 -7.6 845 -115 
8 -85 935 -5.1 -2.6 1250 -620 
9 20 1980 5.8 2.9 3550 -410 
10 45 2405 1.0 0.5 4550 -260 
11 245 1710 8.2 4.1 2465 -955 
12 -80 3700 -1.3 -0.6 6970 -430 
13 210 2210 5.5 2.8 4350 -70 
14 20 2860 4.0 2.0 3980 -1740 
15 -635 2770 -13.2 -6.6 4735 -805 
16 -140 1180 -6.9 -3.4 1730 -630 
17 -155 378 -24.2 -12.1 593 -163 
18 -318 665 -28.7 -14.4 1280 -50 
19 -230 3670 -3.6 -1.8 6550 -790 
20 195 413 28.2 14.1 718 -108 
21 210 615 24.1 12.0 995 -35 
22 160 515 18.1 9.0 875 -155 
23 
24 430 1005 25.3 12.6 1755 -275 
25 -425 1035 -24.2 -12.1 1320 -750 
26 -180 485 -21.8 -10.9 795 -175 
27 -245 475 -31.8 -15.9 860 -90 
28 165 438 22.2 11.1 343 -533 
29 95 347 15.9 8.0 -308  -1002 
30 155 634 14,2 7.1 899 -369 
a 50 620 4.6 2.3 180 -1060 
32 -645 813 -92. -26.2 318 -1308 
33 -15 2175 0 0 3420 -930 
34 575 2510 13.1 6.6 4585 -435 
35 =3 90) 380 -30.0 -15.0 540 -220 
36 15 1725 0 0 2420 -1030 
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TABLE XV 
Calculation of Principal Strains 





A Axis B Axis C Axis 

Gage strain strain gtrain 
Ho. 

$ (A+B) A-D 
1 920 500 -30 445 475 
2 1130 600 -200 465 665 
3 5470 2750 -800 2335 3135 
4 3230 1900 -520 1355 1875 
5 3480 810 -660 1410 2430 
6 1330 390 20 675 655 
7 1070 330 -160 455 615 
8 1740 300 -810 465 1275 
9 5160 2290 -520 2320 2840 
10 6090 2770 -210 2940 3150 
11 3010 1320 —1 320 845 2165 
12 10450 4700 -750 4850 5600 
13 5470 2880 -370 2550 2920 
14 7990 2890 1440 3275 4735 
15 6050 2030 -920 2565 3485 
16 2350 550 -θ40 755 1595 
17 740 70 =3 80) 280 460 
18 1480 370 BO 780 700 
19 8210 3230 -1180 3515 4695 
20 930 670 -90 420 510 
21 1170 860 110 640 530 
22 1060 510 -190 435 625 
23 
24 2090 1500 -240 925 1165 
25 2070 -80 -820 625 1445 
26 970 160 -160 405 565 
27 940 180 40 490 450 
28 730 120 -740 -5 735 
29 150 -340 -1250 -550 700 
30 2040 890 -420 810 1230 
31 1640 270 -1610 15 1625 
32 640 -1060 -1050 205 435 
33 7220 2930 -1470 2875 4345 
34 6060 3350 -470 2795 3265 
35 560 -80 -190 185 375 
36 3410 1050 -1410 1000 2410 
37 -90 
38 -300 
39 840 
4 210 
4] -160 
47 600 
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TABLE XV (continued) 
Calculation of Principal Strains 





Pane] Wo. 2 Load 120,000 pounds 


F G H I J K 
Angle Major Minor 


Gage Principal Principal Principal 
Arc 

B-p (37)? m 38 pra ne 
1 55 479 6.6 3.3 924 -34 
2 135 678 11.5 5.7 1143 -213 
3 415 2160 7.5 3.8 5495 -825 
4 545 1950 16.2 8.1 3305 -615 
5 -600 2500 -13.7 «6.8 3910 -1090 
6 -285 715 -23.5 -11.8 1390 _ 
7 -125 628 -11.6 -5.8 1083 -173 
8 -165 1280 -7.4 -3.7 1745 -815 
9 -30 2840 -0.6 -0.3 5160 -520 
10 -170 3150 -3.0 -1.5 6090 -210 
11 475 2210 12.4 6.3 3055 -1365 
12 -150 5600 -1.5 -0.8 10450 -750 
13 330 2940 6.5 3.2 5490 -390 
14 -385 4715 -4.7 -2.4 7990 -1440 
15 -535 3520 -8.8 -4.4 6085 -955 
16 -205 1605 -7.3 -3.6 2360 -850 
17  -210 506 -24.5 -12.3 786 ~226 
18 ۵ءء‎ 812 -30.4 -15.2 1592 -32 
19 -285 4695 -3.5 -1.8 8210 -1180 
20 250 567 26.1 13.0 987 -147 
21 220 574 22.5 11.2 1914 66 
22 75 650 6.9 34 1065 -195 
23 
24 575 1300 26.5 13.2 2225 -375 
235 -705 1610 -36.0 -13.0 2235 -985 
26 -3245 615 -28.5 -11.8 1020 -210 
27 -ዉ30 548 -34.5 -17.2 1038 -58 
28 125 745 9.7 4.8 740 -750 
29 210 730 16.7 8.4 180 -1280 
30 80 1230 3.8 1.9 2040 -420 
3 255 1650 8.9 4.4 1665 -1635 
32 -1265 1335 -71.0 -35.5 1540 -1095 
33 55 4345 0.7 0.4 7220 -1470 
34 555 3300 9.7 4.8 6095 -505 
35 -265 459 -35.3 -17.6 644 -274 
36 50 2410 1.3 0.7 3410 -1410 
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TABLE XVI (continued) 
Calculation of Principal Strains 


— A — — 


Dead sd =~ 
Angle Ma Jor Minor 


Gage Principal Principal Principal 
No, Straip Strain Strain 
2, «δὴ a 

B-D (E^ y?) Tan è E D+@ DG 
1 65 600 6.2 3.1 116 -35 
2 110 815 7.8 3.9 1335 -295 
3 1330 4690 16.5 8.2 7960 -1 420 
4 690 3300 12.1 6.0 5450 -1150 
5 -615 31 40 -11.3 -5.6 6305 -975 
6 -280 790 -20.7 -10.3 1590 10 
7 -95 850 -6.6 -3.3 1410 -285 
8 280 1700 9.5 4.8 2360 -1040 
9 -90 3480 -1.5 -0.8 6340 -620 
10 -220 3720 -3.4 -1.7 7260 -180 
11 -1060 1700 -38.6 -19.3 4950 1550 
13 
13 145 3915 2.0 1.0 7490 — 340 
14 ~665 6346 -6.0 -3.0 10801 -1891 
15 -620 4330 -8.2 -4.1 7510 -1150 
16 -260 2050 -7.3 -3.6 2970 -1130 
17 -275 683 -23.8 -11.9 1058 - 308 
18 -495 980 -80.4 -15.2 1965 5 
19 -420 5870 -4.1 -2.0 10070 -1670 
20 305 775 23.3 11.6 1330 — 220 
21 245 643 22.4 11.2 1468 182 
22 -50 1060 -2.6 -1.3 1720 -400 
23 
24 550 2300 13.8 6.9 3820 -780 
25 -985 2400 -24.3 -12.2 2565 -1235 
26 -440 975 -26.8 -13.4 1595 -355 
27 -360 633 -34.7 -17.4 1213 -53 
28 =>! 1350 -1.6 -0.8 1710 —990 
29 285 1410 11.6 6.8 1215 -1505 
30 -85 2745 -1.8 -0.9 4990 -500 
31 600 3900 8.9 4.4 5640 -2160 
32 1165 2240 31.3 15.6 2855 -1625 
33 -225 5935 -2.2 =l.) 10020 -1850 
34 315 4015 4.5 2.2 7410 -620 
35 -375 511 -47.1 -23.6 716 - 306 
36 25 3235 0 0 4640 -1830 
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TABLE XVI 
Calculation of Principal Strains 
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10070 
1270 
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3760 
1490 


1100 
1710 
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-1110 
-1110 
-250 
140 
-1670 
-160 
230 
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-1020 
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-990 
-1480 
-500 
-2110 
-1300 
-1850 
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